The quantum dynamics of a one-dimensional bosonic Josephson junction is studied by solving the time-dependent many-boson Schrödinger equation numerically exactly. Already for weak interparticle interactions and on short time scales, the commonly-employed mean-field and manybody methods are found to deviate substantially from the exact dynamics. The system exhibits rich many-body dynamics like enhanced tunneling and a novel equilibration phenomenon of the junction depending on the interaction, attributed to a quick loss of coherence.
Recent experiments on interacting Bose-Einstein condensates in double-well traps have led to some of the most exciting results in quantum physics, including matter-wave interferometry [1, 2] , squeezing and entanglement [3, 4] as well as work on high-precision sensors [5] . Particular attention has been paid to tunneling phenomena of interacting Bose-Einstein condensates in double-wells, which in this context are referred to as bosonic Josephson junctions. Explicitly, Josephson oscillations and self-trapping (suppression of tunneling) with Bose-Einstein condensates have been predicted [6, 7] and recently realized in experiments [8, 9] , drawing intensive interest, see, e.g., [10, 11, 12, 13, 14, 15] and references therein.
For the first time in literature we provide the numerically exact many-body quantum dynamics of a one-dimensional (1D) bosonic Josephson junction in this work. This is made possible by a breakthrough in the solution of the time-dependent many-boson Schrödinger equation. We use the exact solution to check the current understanding of bosonic Josephson junctions -commonly described by the popular Gross-Pitaevskii (GP) mean-field theory and the Bose-Hubbard (BH) many-body model -and to find novel phenomena. The results of the GP and BH theories are found to deviate substantially from the full many-body solution, already for weak interactions and on short time scales. In particular, the wellknown self-trapping effect is greatly reduced. We attribute these findings to a quick loss of the junction's coherence not captured by the common methods. For stronger interactions and on longer time scales, we find a novel equilibration dynamics in which the density and other observables of the junction tend towards stationary values. We show that the dynamics of bosonic Josephson junctions is much richer than what is currently known.
To compute the time evolution of the system, we solve the time-dependent many-boson Schrödinger equation by using the multiconfigurational time-dependent Hartree for bosons (MCTDHB) method [16] . In the MCTDHB(M) method the time-dependent many-boson wavefunction is expanded in all time-dependent permanents | n; t , generated by distributing N bosons over M time-dependent orbitals {φ i (x, t)}. n = (n 1 , n 2 , · · · n M ) collects the occupation numbers. The MCTDHB wavefunction thus reads |Ψ(t) = n C n (t)| n; t . The expansion coefficients {C n (t)} and the orbitals {φ i (x, t)} are determined by the Dirac-Frenkel time-dependent variational principle [16] . The present results are obtained by using a novel mapping of the many-boson configuration space in combination with a parallel implementation of MCTDHB, allowing the efficient handling of millions of time-dependent, optimized permanents [17] . We note that GP theory is contained in the MCTDHB framework as the special case M = 1. The many-body wavefunction then becomes a single permanent and the dynamics is restricted to remaining condensed at all times. The BH model for this system employs two orbitals and is thus, in principle, capable of describing correlations. However, as we shall see below, the fact that the BH orbitals are time-independent causes the BH model to underestimate correlations.
With the time-dependent many-boson wavefunction |Ψ(t) at hand, any quantity of interest of the interacting many-boson system can be computed. Here we focus on the evolution of the following quantities to analyze the dynamics of the Josephson junction. The reduced one-body density matrix of the system is defined by ρ (1) (x|x
whereΨ(x) is the usual bosonic field operator annihilating a particle at position x. Its
, is simply the density of the system. As is common in the analysis of bosonic Josephson junctions, the "survival probability" of the system in, e.g., the left well, is obtained by integrating the density over the left well,
determine the extent to which the system is condensed or fragmented [18, 19] . Finally, the first-order cor-
quantifies the system's degree of spatial coherence [20, 21] .
We now turn to the details of the 1D bosonic Josephson junction considered in this work.
It is convenient to use dimensionless units defined by dividing the Hamiltonian by 2 mL 2 , where m is the mass of a boson, e.g., 87 Rb and L is a length scale, e.g., L = 1µm. One unit of energy then corresponds to 116 Hz. We have a 1D realization of an experimental setup similar to the one in Ref. [8] in mind. The full many-body Hamiltonian then reads
, with a trapping potential V (x) and an interparticle interaction potential
The double-well potential V (x) is generated by connecting two harmonic potentials
2 with a cubic spline in the region |x| ≤ 0.5. This results in a symmetric double-well potential with barrier height V (0) = 1.667. The lowest four single-particle energy levels e 1 = 0.473, e 2 = 0.518, e 3 = 1.352 and e 4 = 1.611 of V (x) are lower than the barrier.
Left-and right-localized orbitals φ L,R can be constructed from the single-particle ground state and the first excited state of
L hφ R , the Rabi oscillation period t Rabi = π/J and the often employed interaction parameters, Λ = UN/(2J) and U/J [6, 7] . In this work we use the interaction parameter λ = λ 0 (N − 1), which appears naturally in the full many-body treatment, and quote the corresponding values for Λ and U/J. Within the framework of two-mode GP theory, a state, which is initially localized in one well, is predicted to remain self-trapped if Λ > Λ c = 2 [6, 7] .
We will consider interaction strengths below, in the vicinity of and above Λ c .
In all our computations the system is prepared at t = 0 as the many-body ground state of the potential V + (x) and then propagated in the potential V (x). Within the BH framework this procedure amounts to starting from the state in which all bosons occupy the orbital φ L .
We begin our studies with a weak interaction strength λ = 0.152, leading to U/J = 0.140 but also the frequencies contained in p L (t). Furthermore, the BH solutions do not exhibit a high frequency oscillation on top of the slow large-amplitude oscillations; a difference which is related to the fact that the BH orbitals are time-independent and thus, not determined variationally at each point in time. Note that p L (t) is a quantity in which all spatial degrees of freedom have been integrated out. Visible differences in p L (t) imply that it is not only the densities ρ(x, t) which must differ, but also all correlation functions.
The insets of Fig. 1(a) ,(b) demonstrate the convergence of the many-body dynamics results. In particular and somewhat unexpectedly, the number of time-dependent orbitals needed to describe the bosonic Josephson junction dynamics quantitatively is M = 4, even below the transition point for self-trapping. These orbitals are determined variationally at each point in time, implying that any method using time-independent orbitals will need substantially more orbitals to achieve the same accuracy.
One of the central phenomena often discussed in the context of bosonic Josephson junctions is the celebrated transition to self-trapping [6, 7, 8, 9] . In what follows we would like to study the dynamics of a bosonic Josephson junction in the self-trapping regime from the full many-body perspective. relationship between self-trapping and coherence can be inferred from our full many-body results: Self-trapping is only present as long as the system remains coherent. We find this statement to be true at all interaction strengths and all particle numbers considered in this work.
We now turn to the case of stronger interactions, λ = 4.9, which is well above the self-trapping transition point. This leads to U/J = 9.55 (0.869) and Λ = 47.8 (43.4) for N = 10 (100) bosons. Note that we now use ten instead of twenty bosons to demonstrate convergence. The energy per particle of the full many-body wavefunction is now E/N = 1.22
(1.28) for N = 10 (100) bosons, which is still below the barrier height V (0) = 1.667.
What do we expect to happen? According to two-mode GP theory, the density should remain trapped in the initial well for any interaction strength Λ ≫ Λ c [6, 7] . Similarly, the BH model predicts ever increasing tunneling times since the left-and right-localized states become eigenstates of the BH Hamiltonian in the limit U/J → ∞ [6] . These predictions are incorrect for stronger interactions since the repulsive interaction leads to fragmentation and broadening of the initial wavefunction, thereby facilitating tunneling. The impact of the potential barrier therefore decreases with increasing interaction strength. We will now
show that a very intricate dynamics results. Instead, an equilibration phenomenon emerges, in which the density of the system tends to be equally distributed over both wells.
The system's full many-body dynamics is again strongly fragmented as can be seen in Fig. 2(bottom) , which depicts the natural-orbital occupations n Also shown are the natural-orbital occupations of the BH (solid magenta lines) model, which wrongly describes a fully condensed system.
The strong fragmentation of the system implies the presence of strong correlations. This 6 can be seen in the two upper panels of Fig. 3 , which show the full many-body result for the first-order correlation function g (1) (x ′ , x; t) of N = 10 bosons at times t = 0 (top left) and t = 10t Rabi (top right). The fragmentation of the initial state is only ≈ 2%, leading to an almost flat g (1) (x ′ , x; 0). This reflects the fact that the system is initially coherent over its entire extent. At t = 10t Rabi the coherence of the system is completely lost even on length scales much shorter than its size, see upper right panel of Fig. 3 . Note that also g (1) (x ′ , x; t) tends to equilibrate. The respective BH results for g (1) (x ′ , x; t) are shown in the two lower panels of Fig. 3 and in contrast display no visible loss of coherence.
Let us briefly summarize. We have obtained exact results for the full many-body dynamics of 1D bosonic Josephson junctions. The dynamics is found to be much richer than previously reported. In particular, the predictions of the commonly-employed Gross-Pitaevskii and
Bose-Hubbard theories are found to differ substantially from the exact results, already after short times and relatively weak interactions. These differences are associated with the development of fragmentation and correlations not captured by the standard theories. For stronger interactions, where the standard theories predict coherence and self-trapping, we find a completely different dynamics. The system becomes fragmented, spatial coherence is lost and a long-time equilibration of the junction emerges. We hope our results stimulate experiments.
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